Poliovirus has a single-stranded RNA genome of positive polarity that serves two essential functions at the start of the viral replication cycle in infected cells. First, it is translated to synthesize viral proteins and, second, it is copied by the viral polymerase to synthesize negative-strand RNA. We investigated these two reactions by using HeLa S10 in vitro translation-RNA replication reactions. Preinitiation RNA replication complexes were isolated from these reactions and then used to measure the sequential synthesis of negative-and positivestrand RNAs in the presence of different protein synthesis inhibitors. Puromycin was found to stimulate RNA replication overall. In contrast, RNA replication was inhibited by diphtheria toxin, cycloheximide, anisomycin, and ricin A chain. Dose-response experiments showed that precisely the same concentration of a specific drug was required to inhibit protein synthesis and to either stimulate or inhibit RNA replication. This suggested that the ability of these drugs to affect RNA replication was linked to their ability to alter the normal clearance of translating ribosomes from the input viral RNA. Consistent with this idea was the finding that the protein synthesis inhibitors had no measurable effect on positive-strand synthesis in normal RNA replication complexes. In marked contrast, negative-strand synthesis was stimulated by puromycin and was inhibited by cycloheximide. Puromycin causes polypeptide chain termination and induces the dissociation of polyribosomes from mRNA. Cycloheximide and other inhibitors of polypeptide chain elongation "freeze" ribosomes on mRNA and prevent the normal clearance of ribosomes from viral RNA templates. Therefore, it appears that the poliovirus polymerase was not able to dislodge translating ribosomes from viral RNA templates and mediate the switch from translation to negative-strand synthesis. Instead, the initiation of negative-strand synthesis appears to be coordinately regulated with the natural clearance of translating ribosomes to avoid the dilemma of ribosome-polymerase collisions.
Poliovirion RNA is released into the cytoplasm of infected cells and is translated by polyribosomes associated with the rough endoplasmic reticulum (10, 32) . Viral proteins are synthesized after ribosomes bind in the 5Ј nontranslated region at the internal ribosome entry site (IRES) and initiate translation of the single long open reading frame in poliovirion RNA (vRNA). After multiple copies of the viral polyprotein are synthesized, the input virion RNA must switch roles from serving as an mRNA and become a template for negative-strand RNA synthesis (3) . The molecular mechanisms involved in switching from translation to RNA replication are unknown but are essential in regulating the overall replication cycle of poliovirus and other positive-strand RNA viruses.
Cell culture systems capable of supporting poliovirus replication allow for the analysis of poliovirus RNA replication in one-step growth experiments (15, 18) . Populations of cells can be synchronously infected, and these studies have resulted in our current understanding of the defined steps in the viral replication cycle (i.e., attachment 3 penetration 3 uncoating 3 translation 3 RNA replication 3 assembly 3 release) (31) . These steps are temporally sequential in the order indicated. During the course of the replication cycle, however, a significant overlap develops between the translation and RNA replication steps because of the interdependence of viral protein synthesis and RNA replication (Fig. 1A, in vivo) . Therefore, even in synchronously infected cells, amplification of the infecting viral RNA molecule occurs in an asynchronous circular pathway in which viral RNA translation and RNA replication occur simultaneously (Fig. 1A, in vivo) . The interdependent, simultaneous translation and replication of viral RNA within this circular pathway precludes the direct experimental analysis of the regulatory mechanisms controlling the switch from translation to RNA replication.
Poliovirus replication can now be studied in cell extracts of uninfected HeLa cells programmed with poliovirion RNA (4, 5, 29) . The HeLa S10 extracts used in these experiments support translation, RNA replication, and the assembly of infectious virus in a temporally regulated fashion (Fig. 1A, in vitro) . In the cell-free reactions, the translation and replication steps follow a linear pathway, since relatively high concentrations of virion RNA are added at the start of the reactions. Viral protein synthesis is driven by the input RNA and is not dependent to any measurable extent on newly synthesized progeny RNA. Cell-free replication reactions are programmed with optimal concentrations of viral RNA, and viral protein synthesis starts at maximum rates from time zero (5) . By using guanidine HCl, a reversible inhibitor of poliovirus RNA replication, we are able to isolate preinitiation RNA replication complexes. Guanidine blocks the initiation of negative-strand RNA synthesis but has no effect on poliovirus protein synthesis or polypeptide processing (4) . Negative-strand RNA synthesis initiates in a highly synchronous manner upon the removal of guanidine and is then followed by the synthesis of infectious positive-strand RNA (6) . As expected, RNA replication in these reactions is highly asymmetric, with positive-strand RNA being made in large excess over negative-strand RNA (6) . In this report we exploit the linear replication pathway of poliovirus in cell-free reactions to examine the transition between translation of viral mRNA and the synthesis of viral negativestrand RNA.
Previously, we demonstrated that ongoing viral protein synthesis is not required for RNA replication in reactions containing preinitiation RNA replication complexes resuspended in fresh HeLa S10 extracts (4) . In these experiments, we added puromycin to block the synthesis of new viral proteins. Puromycin is an amino acyl tRNA analogue that causes polypeptide chain termination and the release of translating ribosomes from mRNA (8, 26) . Surprisingly, puromycin was found to increase the amount of viral RNA synthesized in preinitiation RNA replication complexes severalfold (4) . To investigate this observation further, we determined what effect other protein synthesis inhibitors had on viral RNA replication in preinitiation replication complexes. Cycloheximide (26) , anisomycin (21) , diphtheria toxin (23, 26) , and the ricin A chain (20, 26) inhibit protein synthesis via different mechanisms. In contrast to puromycin, however, all of these drugs inhibit polypeptide chain elongation and consequently lead to polyribosome stabilization (20, 21) . Therefore, these drugs essentially freeze the ribosomes on the mRNA they are translating.
In this study, we show that protein synthesis inhibitors that stabilized polyribosomes inhibited viral RNA replication. These results contrast with the stimulation in RNA replication that was observed with puromycin. Using assays specific for positive-and negative-strand synthesis, we showed that all of the inhibitors tested only affected negative-strand synthesis. These results suggest that the presence of translating ribosomes on the input viral RNA inhibit RNA replication by blocking negative-strand synthesis. Therefore, negative-strand RNA synthesis must be coordinately regulated with the clearance of translating ribosomes from the input RNA to avoid the dilemma of polymerase-ribosome collisions (Fig. 1B) .
MATERIALS AND METHODS
Cells and virus. Suspension cultures of HeLa S3 cells were maintained at 37°C by daily passage at 2 ϫ 10 5 to 4 ϫ 10 5 cells per ml in Joklik's modified Eagle medium (Life Technologies, Gaithersburg, Md.) supplemented with 5% calf serum and 2% fetal calf serum. Cells were infected with poliovirus type 1 (Mahoney strain) as described earlier (38) .
RNA preparation. Poliovirion RNA was isolated and purified from CsCl banded virus by phenol-chloroform-isoamyl alcohol (25:24:1) extraction and ethanol precipitation as described earlier (7) . Where indicated, RNA transcripts of an infectious poliovirus cDNA clone, pT7-PV1(A) 80 , were used in place of poliovirion RNA. The clone, pT7-PV1(A) 80 , was derived from an infectious cDNA clone of poliovirus type 1, pT7D-polio (33) . We modified pT7D-polio to lengthen the 3Ј-terminal poly(A) sequence from 12 to 80 nucleotides in length. RNA transcripts of MluI-linearized pT7-PV1(A) 80 DNA are predicted to contain two additional GMP nucleotides at the 5Ј termini, the poliovirus genomic sequence and poly(A) 80 CGCG at the 3Ј termini. The presence of the 3Ј-terminal CGCG nonviral sequence is derived from the MluI restriction site in the original plasmid DNA. RNA2(A) 80 is a transcript of a subgenomic clone of pT7-PV1(A) 80 , which contains a single in-frame deletion of 1,782 nucleotides in the capsid coding region of the viral genome (see Fig. 6A ). Preparations of T7-PV1(A) 80 RNA and RNA2(A) 80 were transcribed with bacteriophage T7 RNA polymerase, extracted with phenol-chloroform-isoamyl alcohol, ethanol precipitated, and purified by chromatography on a Sephedex G-50 gel filtration column (7) . The concentrations of the final preparations of virion RNA and the transcript RNAs were determined by measuring the A 260 .
HeLa S10 translation-RNA replication reaction. HeLa S10 extracts and translation initiation factors were prepared as previously described (5, 7) . HeLa S10 translation-RNA replication reactions (25 to 50 l) contained 50% (by volume) HeLa S10 extract, 20% (by volume) HeLa cell translation initiation factors, 1 mM ATP, 0.25 mM GTP, 0.25 mM CTP, 0.25 mM UTP, 120 mM KCH 3 CO 2 , 2.75 mM Mg(CH 3 CO 2 ) 2 , 3 mM dithiothreitol (DTT), 35 mM HEPES (pH 7.4), 25 mM creatine phosphate (Boehringer Mannheim, Indianapolis, Ind.), 400 g of creatine phosphokinase (Boehringer Mannheim) per ml, and either 25 g of poliovirion RNA or 50 g of T7-PV1(A) 80 RNA per ml as indicated. All reactions were incubated at 30°C for the times indicated.
Protein synthesis. HeLa S10 translation-RNA replication reactions containing poliovirion RNA and 1.2 mCi of [
35 S]methionine (1,200 Ci/mmol; Amersham) per ml were incubated for the indicated times. Puromycin, cycloheximide, anisomycin, diphtheria toxin, and the ricin A chain (Sigma Chemical Co., St. Louis, Mo.) were added to the reactions as indicated. Diphtheria toxin (Sigma) was activated by trypsin treatment as previously described (16) . Samples (1 l) were removed from these reactions at the indicated times and were added to 100 l of 0.1 M KOH-3% Casamino Acids. Labeled proteins were precipitated by adding 2 ml of 5% trichloroacetic acid to each sample. After being incubated for 10 min on ice, the samples were filtered, and the radioactivity associated with the labeled proteins was quantitated by liquid scintillation counting.
Isolation of poliovirus RNA replication complexes. Preinitiation RNA replication complexes were isolated as previously described (4, 6) . Briefly, HeLa S10 translation-RNA replication reactions containing 2 mM guanidine HCl and either poliovirion RNA or T7-PV1(A) 80 RNA were incubated at 30°C for 5 h. The reactions were then centrifuged at 15,000 ϫ g for 15 min at 4°C, and the supernatant (S15) containing soluble proteins and guanidine HCl was removed from the pellet (P15) that contained the preinitiation RNA replication complexes. Normal preformed RNA replication complexes containing replicative intermediate RNA were isolated by using the same procedure except that guanidine HCl was not added to the HeLa S10 translation-RNA replication reaction and only poliovirion RNA was used as the input RNA.
RNA replication assays. RNA was measured by using procedures designated methods 3 to 6 to be consistent with previous publications from our laboratory.
(i) Method 3. Viral RNA synthesis was assayed by using preinitiation RNA replication complexes formed in HeLa S10 translation-RNA replication reac- In the infected cell, protein synthesis and RNA replication are codependent since protein synthesis requires RNA replication and vice versa. During the course of the infection, this results in the amplification of the input viral RNA and leads to a circular replication pathway. In contrast, a relatively high concentration of input virion RNA is used in the in vitro reactions to achieve maximum rates of protein synthesis. In this case, amplification of the input RNA is not required to achieve maximum rates of protein synthesis and RNA replication in vitro, which leads to a linear replication pathway. (B) Poliovirus RNA is translated before it replicates (30) . Translating ribosomes move 5Ј to 3Ј on the viral mRNA, while the poliovirus polymerase must initiate negative-strand RNA synthesis at the 3Ј terminus of the viral RNA and move in a 3Ј-to-5Ј direction. The results of this study indicate that the poliovirus polymerase is not able to dislodge translating ribosomes from viral mRNA. This suggests that the virus has evolved a different mechanism to regulate the switch from translation to RNA replication to avoid this dilemma which would impede the efficient replication of the viral genome.
tions containing poliovirion RNA. The complexes were isolated as described above and were resuspended in 50-l reaction mixtures containing HeLa S10 extract, translation initiation factors, and the indicated amounts of [␣-
32 P]CTP as the labeled substrate (method 3 in references 4 and 6). Labeled RNA synthesis was assayed at 30°C for 90 min. This assay measures both the initiation and elongation of negative strands and the subsequent initiation and elongation of positive strands.
(ii) Method 4. RNA replication was assayed by labeling viral RNA synthesized in preinitiation RNA replication complexes resuspended in reactions that did not contain added HeLa S10 extract or HeLa translation initiation factors. The pellet (P15) that contained the preinitiation RNA replication complexes was resuspended in 50-l reactions containing 25 l of S10 buffer [40 mM HEPES-KOH (pH 7.4), 120 mM KCH 3 CO 2 , 5.5 mM Mg(CH 3 CO 2 ) 2 , 6 mM DTT, 10 mM KCl, 1 mM CaCl 2 , and 2 mM EGTA], 5 l of 10ϫ nucleotide reaction mix lacking CTP, and [␣- 32 P]CTP at a final concentration of 5 M (method 4 in reference 6). This method supports the synchronous and sequential synthesis of negative-and positive-strand RNA on poliovirion RNA templates as previously described (6) . At 5 M CTP, the elongation rate of RNA synthesis is approximately 500 nucleotides per min at 37°C.
(iii) Method 5. Viral RNA synthesis was assayed by using normal preformed RNA replication complexes formed in HeLa S10 translation-RNA replication reactions containing poliovirion RNA. The complexes were isolated as described above and were resuspended in reaction mixtures identical to those used in method 3 except that 2 mM guanidine HCl was added to block negative-strand initiation. We have previously shown that guanidine HCl specifically blocks negative-strand initiation but has no effect on the initiation or elongation of positive strands (6) . Therefore, this assay specifically measures the initiation and elongation of positive strands in preformed RNA replication complexes.
(iv) Method 6. Viral RNA synthesis was assayed by procedures identical to method 3, with one significant difference. In this case, the preinitiation RNA replication complexes were isolated from HeLa S10 translation-RNA replication reactions that contained T7-PV1(A) 80 transcript RNA instead of poliovirion RNA. The transcript RNA contains two 5Ј-terminal nonviral GMP nucleotides that block the initiation of positive-strand RNA synthesis. Because positivestrand synthesis is inhibited, this assay specifically measures negative-strand initiation and elongation.
The above reactions were incubated at 30°C for the indicated period of time, terminated by the addition of 0.5% sodium dodecyl sulfate (SDS) buffer (0.5% SDS, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 100 mM NaCl), extracted with phenol-chloroform-isoamyl alcohol, and ethanol precipitated. The reaction products were analyzed by electrophoresis in a CH 3 HgOH-1% agarose gel as previously described (42) . An RNA molecular weight ladder (BRL) was used to determine the size of RNA products. The gels were stained with ethidium bromide and photographed under UV light to visualize the RNA in each lane. The gels were then dried, and the radiolabeled RNA was detected by autoradiography.
RESULTS
Effect of protein synthesis inhibitors on viral RNA replication. Poliovirus RNA replication was measured in reactions that contained preinitiation RNA replication complexes resuspended in reaction mixtures containing fresh HeLa S10 extracts and translation initiation factors. These reaction conditions provided the soluble cellular factor(s) required to initiate RNA synthesis (4), as well as those required to translate viral RNAs. The initiation and synthesis of full-length negative strands, followed by the initiation and synthesis of full-length positive strands, occurs in these reactions (6) . As a result of the asymmetric nature of poliovirus RNA replication, the majority of the RNA synthesized in a 90-min reaction is labeled positive-strand RNA (6). Positive-strand RNA synthesis, however, is dependent on the prior synthesis of a negative-strand RNA template. Therefore, drugs that are added to these reactions can stimulate or inhibit labeled RNA synthesis by affecting either one or both steps in the replication cycle.
To determine whether continued viral protein synthesis was required in these reactions to support RNA replication, we measured RNA synthesis in the presence of added puromycin (4). We were surprised to find that adding puromycin to these reactions increased the amount of labeled RNA synthesized in a 90-min reaction (Fig. 2, compare lanes 2 and 6) (4) . This demonstrated that RNA replication in the preinitiation replication complexes was not dependent on the continued synthesis of viral proteins. Because of the unexpected increase in RNA synthesis that was observed with puromycin, we determined how other protein synthesis inhibitors would affect RNA replication. In contrast to the results observed with puromycin, we found that cycloheximide, anisomycin, and diphtheria toxin all decreased the level of RNA synthesis observed in these reactions (Fig. 2, lanes 3 to 5) . Ricin A chain, another inhibitor of protein synthesis, was also found to inhibit RNA replication ( Fig. 3 and 4) . Because puromycin completely inhibited viral protein synthesis but stimulated RNA replication, we concluded that the decrease in RNA synthesis observed with the other drugs was not a result of their ability to inhibit the synthesis of new viral proteins. Rather, it appeared more likely that these drugs affected RNA replication by a mechanism that was related to their ability to inhibit the continued elongation and/or release of translating ribosomes from viral mRNAs.
Dose-response curves for protein synthesis inhibitors. If the effects of the protein synthesis inhibitors on RNA replication were linked to their effect on the translation of viral mRNA, then the threshold concentrations of drug required to affect protein synthesis and RNA replication should be the same. The inhibition of protein synthesis in HeLa S10 translationreplication reactions by diphtheria toxin and the ricin A chain occurred at the same concentrations that inhibited RNA replication in reactions containing preinitiation RNA replication complexes (Fig. 3A and B) . The concentration of puromycin that inhibited protein synthesis was also identical to the concentration required to stimulate RNA replication (Fig. 3C) . Therefore, the concentration of a drug that inhibited protein synthesis corresponded precisely with the drug concentration that either inhibited or stimulated RNA replication. Polypeptide chain elongation inhibitors have dominant effect over puromycin. Because puromycin is a substrate for ribosomes, it does not inhibit their catalytic activity and, in fact, requires the catalytic activities associated with ribosomes to inhibit protein synthesis via chain termination. Diphtheria toxin, ricin A chain, cycloheximide, and anisomycin inhibit different activities of ribosomes that are required for polypeptide chain elongation. Therefore, we expected these drugs to be the dominant inhibitors when used simultaneously with puromycin (Fig. 4) . In the absence of puromycin, diphtheria toxin, ricin A chain, cycloheximide, and anisomycin inhibited RNA synthesis (Fig. 4, compare lane 2 with lanes 4 to 7) . When added simultaneously with puromycin, diphtheria toxin, cycloheximide, and anisomycin continued to inhibit RNA synthesis (Fig. 4, lanes 8, 10, and 11 respectively) . In contrast, RNA replication was stimulated in the reaction that contained both ricin A chain and puromycin (Fig. 4, lane 9) . Ricin A chain is an enzyme which inhibits protein synthesis by depurinating A 4324 in 28S rRNA (21) . This modification of the ribosome prevents continued translation elongation. Puromycin, in addition to being an amino acyl tRNA analogue, is a dimethyl adenosine compound (26, 40) . The dominant effect of puromycin over ricin A chain inhibition of RNA synthesis suggests that puromycin inhibited the ability of ricin A chain to depuri- nate A 4324 in 28S rRNA. Based on these results, we concluded that all of the drugs that inhibited ribosome chain elongation, with the exception of the ricin A chain, were the dominant inhibitors over puromycin.
Protein synthesis inhibitors have no effect on positivestrand synthesis. The same set of protein synthesis inhibitors were analyzed for their effect on RNA synthesis in "normal" preformed RNA replication complexes in reactions which also contained 2 mM guanidine HCl (Fig. 5) . Because of the asymmetric nature of poliovirus RNA replication, normal RNA replication complexes contain replicative-intermediate RNA which consists of a negative-strand RNA template and multiple nascent chains of positive-strand RNA (3, 4) . Because guanidine specifically blocks negative-strand initiation but has no effect on positive-strand initiation or chain elongation reactions (6), positive-strand synthesis can be specifically measured in reactions that contain normal RNA replication complexes and guanidine (method 5 in Materials and Methods). Adding 2 mM guanidine blocks negative-strand RNA synthesis (6) and consequently the formation of new RNA replication complexes, resulting in about a 50% inhibition in RNA synthesis overall (Fig. 5, compare lanes 1 and 2) . Therefore, the synthesis of viral RNA in the presence of guanidine (Fig. 5,  lanes 2 through 7) corresponds to the synthesis of nascent positive-strand RNA molecules on preexisting negative-strand templates. Using this assay, we showed that none of the protein synthesis inhibitors had any effect on positive-strand RNA synthesis (Fig. 5, lanes 3 to 7 versus lane 2) .
Positive-strand synthesis inhibited on viral transcript
RNAs. Finding that the protein synthesis inhibitors had no effect on positive-strand synthesis suggested that their effect on viral RNA replication resulted from a direct effect on negativestrand synthesis. Previously, we have shown that it is possible to specifically measure the synthesis of both negative-and positive-strand RNAs in preinitiation RNA replication complexes containing poliovirion RNA (6) . In these reactions, RNA replication initiates with the synthesis of full-length negativestrand RNA. This is then rapidly followed by repeated rounds of positive-strand synthesis. The exclusive synthesis of negative-strand RNA is restricted to a short period at the beginning of the reaction. To overcome this time limitation, we used preinitiation replication complexes formed with poliovirus transcript RNA which contained two nonviral 5Ј-terminal GMP nucleotides and a 3Ј-terminal poly(A) 80 tail (Fig. 6A ) (7) . With viral transcript RNAs containing a long poly(A) tail, protein synthesis and negative-strand synthesis are only slightly reduced from the levels observed with virion RNA (7). Positive-strand synthesis, however, appears to be strongly inhibited by the presence of the two nonviral 5Ј-terminal GMP nucleotides in the transcript RNA (7) .
To verify that positive-strand synthesis was blocked in reactions containing viral transcript RNA, we used a one-dimensional RNase T 1 fingerprint analysis (6) . RNA2(A) 80 transcript ( Fig. 6B ) was used in this experiment since it replicates more efficiently in vitro than full-length transcripts and results in the synthesis of increased amounts of labeled RNA that are then available for use in the fingerprint analysis (data not shown). RNA2(A) 80 is identical to T7-PV1(A) 80 RNA except for an FIG. 4 . Dominant effect of polypeptide chain elongation inhibitors over puromycin. Preinitiation RNA replication complexes were isolated from 50 l of HeLa S10 translation-replication reactions that contained 2 mM guanidine and were incubated at 30°C for 5 h. The preinitiation replication complexes were resuspended in 50 l of fresh HeLa S10 translation-replication reactions containing 10 Ci of [␣-
32 P]CTP as described in in-frame deletion in the capsid-coding region (14) . In previous experiments with poliovirion RNA, we showed that full-length negative-strands were synthesized in ca. 18 min and that positive-strand RNA was the predominant labeled RNA synthesized during the next 18 min (6). Using identical reaction conditions, we showed that only labeled negative-strand RNA was synthesized in RNA2(A) 80 -preinitiation replication complexes at 16 and 32 min (Fig. 6B) . The reaction times were slightly reduced to account for the smaller size of RNA2(A) 80 . As expected, only negative-strand specific oligonucleotides were observed in the RNase T 1 digest of the labeled RNA from the 16-min reaction (Fig. 6B, lane 2) . In the 32-min reaction, however, only negative-strand specific oligonucleotides were observed (Fig. 6B, lane 3) . This finding was in direct contrast to the previous results with poliovirion RNA where labeled positive-strands were the predominant labeled RNA synthesized during the second half of the reaction (6) . Therefore, these results showed that the synthesis of labeled positive-strand RNA was inhibited below the limits of detection in the transcript RNA reactions.
Puromycin simulates and cycloheximide inhibits negativestrand synthesis. We next determined what effect puromycin and cycloheximide had on negative-strand synthesis in preinitiation replication complexes containing T7-PV1(A) 80 RNA (method 6 in Materials and Methods). The replication complexes were resuspended in a reaction mixture containing HeLa S10 extracts and translation initiation factors. Therefore, negative-strand synthesis was measured under translationally competent reaction conditions. The results showed that adding puromycin increased the amount of negative-strand RNA synthesis by ca. 3.5-fold during the first 60 min of the reaction (Fig. 7A, lanes 2 and 4) . In a 90-min reaction, however, the presence of puromycin had little effect on the total amount of negative-strand RNA synthesized (Fig. 7B, lanes 2 and 4) . Therefore, given sufficient time the total amount of negativestrand RNA synthesized in the absence of puromycin appears to "catch up" with the amount synthesized in the presence of puromycin. This suggests that in the 90-min reactions the viral mRNAs were naturally cleared of translating ribosomes, which then allowed these RNAs to serve as templates for negativestrand RNA synthesis. The addition of cycloheximide to the negative-strand specific reactions decreased the amount of labeled RNA synthesized in the 60-and 90-min reactions by 4-and 10-fold, respectively (Fig. 7A, lanes 2 to 3, and Fig. 7B,  lanes 2 to 3) . In this case, the difference in the amount of RNA synthesized in the presence or absence of cycloheximide increased with time. This is consistent cycloheximide's ability to inhibit ribosome elongation, which would also prevent the natural clearance of the ribosomes from the viral mRNA. The continued presence of the ribosomes would be expected to block negative-strand synthesis throughout the course of these reactions. Therefore, the difference in the quantity of RNA synthesized in the presence or absence of cycloheximide should increase with time. The results of these experiments confirmed that the protein synthesis inhibitors affected viral RNA replication overall by having a direct effect on negative-strand RNA synthesis.
DISCUSSION
A dilemma common to all positive-strand RNA viruses is the potential for collisions between translating ribosomes and the viral polymerase during negative-strand synthesis (Fig. 1B) . This is a dilemma specifically associated with positive-strand RNA viruses since the infecting genomic RNA must be translated to synthesize the viral replication proteins before RNA synthesis can initiate. At some point, the input viral RNA must switch from serving as a mRNA for translation and serve as the template for negative-strand synthesis. It would be advantageous for these viruses to prevent ribosome-polymerase collisions to avoid the dilemma of the continued presence of translating ribosomes inhibiting polymerase elongation during negative-strand synthesis. This dilemma may be especially important for poliovirus since many of the viral replication proteins appear to be predominantly cis-active in virus-infected cells (14, 24, 30) .
In this study, we provide evidence that the presence of translating ribosomes on poliovirus RNA templates in preinitiation RNA replication complexes inhibits viral RNA replication by inhibiting negative-strand synthesis. Puromycin, which dissociates translating ribosomes from mRNA, increased viral RNA replication in preinitiation replication complexes. In contrast, "freezing" ribosomes on viral mRNA with cycloheximide, anisomycin, diphtheria toxin, or ricin A chain inhibited poliovirus RNA replication. Two mechanisms may mediate the inhibition of negative-strand RNA synthesis by translating ribosomes. One possibility is that negative-strand synthesis does not initiate in preinitiation replication complexes until the ribosomes have been cleared from the RNA. This mechanism infers that the replication machinery could sense the presence of ribo- somes on the viral mRNA. A second possibility is that the polymerase does initiate synthesis on viral mRNAs containing translating ribosomes but is not able to displace ribosomes during negative-strand elongation. In either case, the results rule out a model for switching from translation to replication that would be based on the ability of the elongating polymerase to displace translating ribosomes from the input RNA. The inability of the poliovirus polymerase to dislodge translating ribosomes is consistent with previous studies with purified Q␤ replicase where it was shown that ribosomes bound to Q␤ RNA were also able to block negative-strand synthesis (25) .
Some evidence exists to suggest that ribosome-polymerase collisions may occur during poliovirus replication in infected cells. Charini et al. (12) isolated a pseudorevertant of a poliovirus mutant that appears to have transduced a 15-nucleotide sequence from 28S rRNA into the genome of poliovirus. These authors hypothesize that an exposed region of 28S rRNA was used as a template for nonhomologous recombination during negative-strand RNA synthesis and that the recombination occurred as the result of a ribosome-polymerase collision (12) . In this case, the polymerase may have switched to a second positive-strand viral RNA template free of ribosomes after the ribosome-polymerase collision. This raises the possibility of a mechanistic role for ribosome-polymerase collisions in normal viral RNA recombination events (i.e., the inducement of template switching during negative-strand synthesis). It will be important to investigate this idea further now that it is possible to measure RNA recombination in vitro (17, 37) .
Poliovirus must have evolved a mechanism to clear viral RNA of translating ribosomes to either reduce or avoid ribosome-polymerase collisions. As shown in this study, preinitiation replication complexes were capable of replicating viral RNA independent of puromycin treatment. RNA replication occurring in these reactions was due to the availability of viral RNA templates that were naturally cleared of ribosomes. In addition, we found that given enough time essentially all of the positive-strand RNA templates in preinitiation replication complexes were cleared of translating ribosomes and used for negative-strand synthesis. Of course, we cannot exclude the possibility that there are differences in the mechanisms used to clear translating ribosomes from poliovirus RNA in vitro and in vivo. Borman and coworkers (9) identified mutations within the poliovirus IRES that inhibited viral RNA replication independent of their effects on viral protein synthesis. One IRES mutation characterized by these investigators, a 46-nucleotide duplication within the IRES, dramatically diminished RNA replication without significantly diminishing translation initiation. This mutation may have prevented the normal shutdown of translation initiation such that the continued presence of ribosomes on the viral RNA blocked negative-strand synthesis. Therefore, it appears likely that a mechanism exists to inhibit translation initiation so that translating ribosomes can clear via normal elongation and termination at the end of the polyprotein coding sequence.
The mechanism used to regulate the switch from translation to replication may involve the direct binding of a viral protein to the IRES or to a cellular protein factor that is required for translation initiation. For example, bacteriophage Q␤ utilizes the competitive binding of viral proteins to the viral RNA to regulate the switch from translation to RNA replication (1, 25) . At present, only limited information is available regarding the mechanisms involved in this fundamental step of poliovirus replication. Intriguingly, Hoffman and Palmenberg characterized a revertant of a small plaque mutant of encephalomyocarditis virus (EMCV) in which an IRES mutation that diminished translation was compensated by a mutation in the leader protein (22) . The EMCV leader protein is a zinc-binding protein with homology to bacteriophage T4 gp32 (13) , which is a protein capable of repressing the translation of its cognate mRNA by binding to a 5Ј-terminal pseudoknot (34). Chen et al. (13) speculated that the EMCV leader protein may feedback inhibit the EMCV IRES to help regulate the switch from translation to RNA replication. Hoffman and Palmenberg concur, suggesting that the second site reversion mutation in leader protein may have reduced the normal efficiency of the shutoff of viral translation, compensating for the diminished translation caused by the primary IRES mutation (22) . Poliovirus protein 2A is similar to the EMCV leader protein in that FIG. 7 . Effect of puromycin and cycloheximide on negative-strand RNA synthesis within preinitiation RNA replication complexes. Preinitiation replication complexes were isolated from 50 l of HeLa S10 translation-replication reactions containing T7-PV1(A) 80 RNA (rather than virion RNA) and 2 mM guanidine HCl after incubation at 30°C for 5 h (method 6 in Materials and Methods). The preinitiation complexes were resuspended in 50-l reaction mixtures containing HeLa S10 extract, translation initiation factors, 50 Ci of [␣-
32 P]CTP, and 5 M CTP final . The individual reactions contained 2 mM guanidine (lane 1), no additional drugs (lane 2), 200 g of cycloheximide per ml (lane 3), or 100 g of puromycin per ml (lane 4). The reactions were incubated at 30°C for 60 min (A) or for 90 min (B), and the labeled RNA was phenol extracted and ethanol precipitated. The labeled RNA products were fractionated by CH 3 HgOH-agarose gel electrophoresis. The dried gels were subjected to autoradiography for visualization of the labeled RNAs. The amount of labeled negative-strand RNA was quantitated by using a Molecular Dynamics PhosphorImager.
it also contains a zinc-binding domain that may mediate RNA binding (36, 43) . A number of studies have implicated poliovirus protein 2A in RNA replication without yet determining its specific function (28) . It is interesting to speculate that protein 2A may mediate the shutoff of host protein synthesis (41) and that it may also play a role in the subsequent inhibition of viral translation initiation via IRES binding upon the accumulation of larger amounts of 2A Pro than those required for the shutoff of host translation.
Alternatively, a viral protein may accumulate during translation and inhibit continued initiation of translation by binding to the viral RNA outside the core IRES. Infectious poliovirus chimeras have been constructed in which the poliovirus IRES has been replaced by either the EMCV IRES or the hepatitis C virus IRES (27, 39) . By visual inspection, the different IRES elements appear to be significantly different in terms of their individual sequences and predicted structures. This suggests the possibility that translation initiation might be regulated by viral proteins binding to sequences in the poliovirus genome that are not part of the core IRES sequence. For example, poliovirus protein 3CD binds to the 5Ј-terminal cloverleaf structure in poliovirus RNA (1, 2) . Even though the 5Ј cloverleaf is not considered an integral part of the IRES, some evidence indicates that mutations in the 5Ј cloverleaf can affect translation initiation (35) . Therefore, it is possible that the formation of the 5Ј-terminal ribonucleoprotein complex that is required for replication may also be involved in the regulation of translation initiation. Gamarnik and Andino (19) recently presented evidence that 3CD
Pro is able to inhibit poliovirus RNA translation. They suggest that 3CD
Pro is involved in the feedback inhibition of poliovirus mRNA translation necessary for the transition from translation to RNA replication (19) . Clearly, further experimentation is required to elucidate the regulatory pathway involved in the viral RNA switching from translation to replication. Such a pathway is likely to involve interactions between the viral genome, viral and cellular proteins required for translation and replication, and membrane surfaces that are used for the assembly of viral RNA replication complexes. The cell-free replication reactions described herein should facilitate these studies regarding the molecular basis of the switch from the translation to RNA replication for poliovirus and other positive-strand RNA viruses.
